Abstract: This study was conceived to evaluate the global scientific output of secondary organic aerosol (SOA) research over the past 20 years and to assess the characteristics of the research patterns, tendencies, and methods in the papers. Data were based on the online version of Science Citation Index Expanded from 1992 to 2011. Publications referring to SOAs were assessed by distribution of the number of publications and times cited, source categories, source journals, author keywords, KeyWords Plus, and the most cited publications in these years. By synthetic analysis of author keywords, KeyWords Plus, titles, and abstracts, it was concluded that modeling is currently and will at least over the next decade continue to be the predominant research method to validate state-of-the-art knowledge of SOAs, and that the foci of SOA research will be the key precursors terpenes and isoprene, the mechanisms of oxidation and gas-phase reactions, and emission inventories.
INTRODUCTION
Secondary organic aerosols (SOAs) refer to those organic components of particulate matter that transfer to the aerosol phase from the gas phase as products of the gas-phase oxidation of parent organic species [1] . Recently, aqueous-phase oxidation is also considered as an important source of SOAs [2] . SOAs contribute to many important atmospheric processes, including visibility reduction [3] , cloud formation by serving as cloud condensation nuclei [4] , and direct and indirect radiative forcing [5] , as well as a variety of adverse effects to human health [6] and forests [7] .
Organic aerosols (OAs) may be either anthropogenic or natural in origin [8] . The former generally come from the exhaust of combustion sources (power stations; air, water, and land traffic; heating and land reclamation by burning) while the latter can result from physical (weather induced, evaporation/condensation, catastrophic events like wildfire or oil spill), chemical (photo-, thermal-, oxidative, *Sponsoring body: IUPAC Chemistry and the Environment Division: see more details on p. 1253. ‡ Corresponding author or reductive degradation; soil/air-and water/air-exchange) or biological (biogenic volatile organic compounds, BVOCs, mostly from plants, spores and pollen, and microbes and viruses) supply of organics to the atmosphere. In a way, all could be considered as primary OAs although generally only the anthropogenic ones are counted as such. They all are sources for SOA formation, which mainly results through the (supposedly) well-known chemistry of tropospheric ozone, but the real SOA production exceeds all model predictions. Poor understanding of source contributions makes the present and future study of SOAs important and necessary. Over the past decade, researchers have devoted efforts to the identification, quantification, and source apportionment of SOAs, and this work has been the subject of several review articles [1, [8] [9] [10] .
Despite the high growth-rate of publications, there have been few attempts to gather systematic data on the global scientific production of research on SOAs, except for two bibliometric studies on aerosol by Xie et al. [11] and Zhang et al. [12] . A common research tool for this analysis is the bibliometric method. The Science Citation Index Expanded (SCI-EXPANDED) from the Institute of Scientific Information (ISI) Web of Science databases is the most important and frequently used source for a broad review of scientific accomplishment in all fields [11, [13] [14] [15] [16] .
In this study, a traditional bibliometric method (analysis of the number of publications and times cited, subject categories, and the most-cited papers) is used to describe the latest advances in SOA research. Moreover, an innovative method-word cluster analysis of selected topics in the combination of paper titles, author keywords, KeyWords Plus, and abstracts [13] [14] [15] -is applied to map the global research trends during the period 1992-2011. Findings from these investigations can help researchers to realize the breadth of SOA research and to establish future research directions.
METHODOLOGY
The data are based on the online version of the database SCI-EXPANDED. According to Journal Citation Reports (JCR), this database indexed 8073 major journals with citation references across scientific disciplines in 2010. However, since a limitation is that most abstracts before 1991 are not included in SCI-EXPANDED [13] , we used "secondary organic aerosol" and "secondary organic carbon" as the keywords to search titles, abstracts, and keywords from 1992 to 2011 only. All publications referring to SOAs during the past 20 years were assessed according to the following: characteristics of publication outputs, distribution of outputs in journals, times cited per publication and analysis of paper titles, author keywords, Keyword Plus, and abstracts. The words in titles and abstracts were separated, and then conjunctions and prepositions were discarded, as they were meaningless for further analysis. Keywords were defined as comma-separated items of one or more words. All keywords (1992-2011), both those reported by authors and those attributed by ISI as well as the words in titles and abstracts, were identified and separated into four 5-year periods, and then their ranks and frequencies were calculated in order to thoroughly and precisely analyze the variations of trends. Different words with an identical meaning and misspelled keywords were grouped and considered as a single keyword. For instance, the word "secondary organic aerosol*" represented "secondary organic aerosol", "secondary organic aerosols", "secondary organic aerosol (SOA)", "secondary organic aerosols (SOA)", "secondary organic aerosols (SOAs)", "secondary-organic aerosol", and "SOA". A word cluster analysis combination of the words in titles, author keywords, KeyWords Plus, and words in abstracts was used in the analysis [13, 14] . mated by the affiliation of corresponding author. There are 1641 publications with information of corresponding author. In total, there are 428 institutes, 247 (57.6 %) of which published only one article. Leading were Carnegie Mellon University (65, 4.0 %), the California Institute of Technology (64, 3.9 %), the Chinese Academy of Sciences (41, 2.5 %), the University of California, Irvine (41, 2.5 %), and the University of California, Riverside (40, 2.4 %). However, a bias appeared because the Chinese Academy of Sciences has over 100 branches in different cities. At present, the publications of the Chinese Academy of Sciences were pooled as one heading, and publications divided into branches would result in different rankings [14] .
The Pearl River Delta (PRD) and Megacity Initiative: Local and Global Research Observations (MILAGRO) projects, two atmospheric research field campaigns in 2006 and 2009, respectively, were dedicated to evaluating the roles of ozone, precursors, reaction products, meteorology, geography, etc. in development of air pollution and its hazardous effects in megacities and their surroundings. Both campaigns confirmed the importance of SOA formation as an important component in megacity air pollution. Through the end of 2011, a total of 12 and 31 publications based on the PRD and MILAGRO campaigns, respectively, are indexed in SCI-EXPANDED.
Distribution of author keywords analysis
Author keywords analysis offers information about research trends as viewed by researchers. Bibliometric methods concerning author keywords have only been used in recent years [20] , and their use in analyzing research trends is rare [11, 13, 14, 16] . In 1707 publications from 1992 to 2011, 599 (35.1 %) had author keywords.
Author keywords that appeared in publications referring to SOAs from 1992 to 2011 were counted and ranked in four 5-year periods (Table 1) , from which the most frequently used keywords were identified; they include "organic carbon", "PM 2.5 ", "ozone", "elemental carbon", and "isoprene".
SOA is the major component of PM 2.5 . Ozone oxidizes the precursors of SOA, such as isoprene. Other precursors can be identified from Table 1 , such as "alpha-pinene", "terpene*", "monoterpene*", and "toluene". Words with "*" included their single and plural forms. Besides the words with carbon and aerosol, most words appeared in the second or the third 5-year period. The analysis of author keywords demonstrated that the most popular research methods were "source apportionment", "smog chamber", "air quality modeling", "OC/EC ratio", and "aerosol mass spectrometer". 
secondary organic aerosol* 267 1 (45) 1 (50) 1 (56) 1 (49) 1 (42) TP, total number of publications; R (%), rank and percentage of author keywords in total publications. Words with "*" included their single and plural forms.
Distribution of Keywords Plus analysis
In the ISI database, KeyWords Plus supplies additional search terms extracted from the titles of articles cited by authors in their bibliographies and footnotes, thereby substantially augmenting title-word and author-keyword indexing [21] . In 1707 publications from 1992 to 2011, 1643 (96 %) had Keywords Plus.
Other than "secondary organic aerosol*", the search keyword in this study, the top six most frequent Keywords Plus were "alpha-pinene", "particulate matter", "particle*", "photooxidation", "oxidation", and "emission*". Words with "*" included their single and plural forms. Alpha-pinene from biogenic emissions seems one of the most important precursors of SOA. Oxidation is the main chemical mechanism that forms SOA. Emission inventories are one of the hot topics because they are necessary for accurate modeling. Other research topics can be identified from Table 2 , such as "chemical-composition", "product*", and "United-States". Words with "*" included their single and plural forms. The rank and percentage of publications with "chemical-composition", "United-States", and "mass-spectrometry" went up from #106 (1.3 %) during 1992-1996 to #4 (13 %), #10 (9.3 %) and #11 (9. TP, total number of publications; R(%), rank and percentage of keywords plus in total publications. Words with "*" included their single and plural forms.
Hot issues
In order to overcome the weaknesses of each of the four separate types of keyword analysis, paper titles, author keywords, KeyWords Plus, and abstracts were combined. Then, synonymic single words and congeneric phrases were summed and grouped into categories, so as to analyze the historical development of the science more completely and precisely and, more importantly, to discover the chronology of new directions in the science. This is a new method named "word cluster analysis" that has been applied to analysis of research trends in atmospheric simulation [14] , risk assessment [15] , and climate change [13] . The words listed in Figs. 3-6 all include their plural forms, abbreviations, and other transformations, as well as words with similar meanings. The analysis described above suggests that modeling, chamber studies, aerosol mass spectrometry (AMS), and source apportionment are the most popular methods in SOA research (Fig. 3) . Modeling is the most predominant. Modeling is a powerful tool to assess our knowledge of atmospheric processes related to SOAs, including emissions [1, 22] , chemical formation [23, 24] , transport [17] , deposition [25] , and gas/particle partitioning [26, 27] . Various models have been developed to simulate SOAs, such as the Lagrangian trajectory model [17] , the gas/particle partitioning absorption model [26] , the secondary organic aerosol model (SORGAM) [27] , Particulate Matter Comprehensive Air-quality Model with extensions (PMCAMx) [28] , Community Multiscale Air Quality (CMAQ) [29] , Weather Research and Forecasting-Chemistry (WRF-Chem) [30] , and the 2D volatility basis set (2D-VBS) modeling framework [24] . Chamber experiments were developed to quantify the aerosol formation potential (aerosol yield) of SOA precursors, such as aromatics [31] [32] [33] , alkanes [34] , monoterpenes [35] , isoprene, and α-pinene [36] . Chamber experiments are also useful to elucidate fundamental aspects such as chemical mechanisms and gas/particle partitioning of a given mixture of products which, hopefully, can be employed to gain useful knowledge about the occurrence of such processes in the atmosphere [9] . AMS allows for online measurements of OAs with high time-resolution [37] . While AMS provides some information about the chemical composition of OAs, the identification of specific chemical markers is required for more comprehensive source apportionment. Methods for source apportionment include the EC tracer method [18, 28] and its variant the CO tracer method [38] , positive matrix factorization (PMF) [40] , and chemical mass balance (CMB) [41, 42] . AMS is often combined with PMF [43, 44] . Biogenic hydrocarbons, anthropogenic hydrocarbons, and organic compounds generated from biomass burning are three main precursors of SOAs, among which terpenes, isoprene, toluene, and xylenes have attracted the most attention (Fig. 4) . Terpenes and isoprene (2-methyl-1,3-butadiene) are of biogenic origin, while toluene and xylenes are anthropogenic. The major anthropogenic sources are small aromatic compounds such as benzene, toluene, xylenes, and trimethylbenzenes [31] . Many biogenic hydrocarbons show much higher reactivity towards the important atmospheric oxidants OH, NO 3 , and ozone than the anthropogenically emitted volatile organic compounds (VOCs), which adds further to the significance of VOCs emitted from biogenic sources (BVOCs) as a major potential contributor to global organic particulate matter formation [45] . In China, anthropogenic sources were found to contribute 35 % of total SOAs in 2006, with seasonal contributions being 41, 26, 39, and 59 % in spring, summer, autumn, and winter, respectively [30] . Isoprene accounts for about half of all natural VOC emissions and is, on a mass basis, the dominant emitted BVOC component [1] . Biogenic hydrocarbons play a significant role in the formation of SOAs, and that even applies in urban areas with high anthropogenic emissions [46] . There is still a paucity of data on, and understanding of, the composition and the properties of aerosols formed from the gas-phase photooxidation of biogenic hydrocarbons [1] . As a result, research on the contribution of terpenes and isoprene to SOAs has grown faster than research on other SOA precursors.
The formation mechanisms with most publications are shown in Fig. 5 . The first four mechanisms-oxidation, gas-phase, heterogeneous, and aqueous-phase reactions-are chemical processes. Actually, the atmosphere is an oxidizing environment so gas-phase, aqueous-phase, and heterogeneous reactions all tend to be primarily oxidation reactions. The next two mechanisms, gas/particle partition and nucleation, are physical processes. Typical oxidation processes include OH radical-initiated photooxidation of isoprene [46] , reactions of monoterpenes with O 3 [35] , and reactions of n-alkanes with OH radicals [34] . Heterogeneous acid-catalyzed reactions in the particle phase are important mechanisms of SOA formation. Inorganic acids, such as sulfuric acid, catalyze particle-phase heterogeneous reactions of atmospheric organic carbonyl species, which results in a large increase in SOA mass and stabilized organic layers as particles age [47] . Chemical formation and transformation of SOAs by homogeneous reactions are followed by condensation and/or by heterogeneous reactions on particle surfaces and/or in clouds [1] . A number of studies have been performed on the chemical processing of organic compounds in the atmospheric aqueous phase (i.e., rain, clouds, fogs, and aqueous aerosol particles). Aqueous-phase oxidation of isoprene products is considered as an important source of SOAs [2] . The gas/particle partitioning of SOAs is generally described using the theoretical foundations of OA phase partitioning developed by Pankow [26] and extended to SOA formation by Odum [48] . Recently, the "volatility basis-set" (VBS) approach was developed in order to efficiently treat both semi-volatile pri-mary emissions and SOA production, and then to treat the chemical evolution (aging) of the aggregate distribution of semi-volatile material [49] . Gas-to-particle conversion of semi-volatile organic compounds includes condensation, absorption, and adsorption, which are driven by temperature, relative humidity [38] , and the vapor pressures of oxidation products. Nucleation (homogeneous and heterogeneous) of new particles is recognized as a widespread phenomenon but the exact mechanisms of initiation and growth are not well known [9] . Nucleation tends to be important primarily in very clean environments where it competes effectively with uptake of low volatility particle precursors to previously existing particles.
Based on our keyword analysis, the hottest research topic is emission, followed by chemical composition, yield, kinetics, volatility, and size distribution (Fig. 6 ). There are large uncertainties associated with both anthropogenic and natural emission inventories on regional and global scales [1] . Better understanding of emission inventories will contribute to efficient regulation of emissions and reduction of SOA concentrations [22] . Due to the complexity of SOA, its precursors, and intermediates, identification of chemical composition remains a challenge in SOA research. Many instruments have been developed, but a perfect field instrument with full completeness, high chemical resolution, and high time/size resolution does not yet exist [9] . Volatility is a hot topic because it influences the extent of gas/particle partitioning and aerosol yield, and chemical processes (oxidation reactions in the gas phase and reactions in the particle phase) can change the volatility of organic compounds [31] . The volatility changes arising from these chemical reactions must be parameterized and included in models in order to gain a quantitative and predictive understanding of SOA formation [10] . In addition, the research on dimethylsulfide (DMS) and its oxidation products methane sulfonic acid (MSA) and sulfate aerosol (SA) becomes increasingly important as anthropogenic SO 2 emissions have decreased substantially in Europe and North America. The pathway is either going toward SA or MSA depending on NO x levels [50] .
Most-cited publications
Yearly variations in the number of citations can be used to trace the impact of publications [13, 20, 51] . Miscounting citations may occur due to the possibilities of simple spelling errors in titles and DOIs in articles, or other similar problems in ISI data [52, 53] , but the main patterns remain [54] . Table 3 [1] defined critical gaps needed to reduce the uncertainties and summarized the emission estimates of primary carbonaceous particles and SOA precursor gases. Robinson et al. [22] used the VBS approach to reveal the contribution of the oxidation of lowvolatility gas-phase species in diesel emissions to SOA production. On the other hand, the publications by Rogge et al. [55] and Kalberer et al. [31] have been cited less and less during the last five years. Half J. LI et al. 
CONCLUSION
In this study on SOA publications listed in SCI-EXPANDED, significant findings on worldwide research performance from 1992 to 2011 were obtained. A total of 148 journals were listed in the 35 SCI subject categories. The greatest number of publications appeared in the journal Atmospheric Chemistry and Physics (332, 19.4 %) and the subject category of meteorology and atmospheric sciences (1004). It is notable that the most times cited per publication appeared in 1992 and 1995 following the Table 3. development of a Lagrangian trajectory model (1992) and an EC tracer method (1995) . Analysis of the most-cited publications demonstrate researchers' attention to the modeling of OAs and the contribution of semi-and intermediate volatility precursors to SOA. By synthetically and innovatively analyzing the distribution and changes of author keywords, KeyWords Plus, and words in publication titles and abstracts, the development of SOA research during the last decade is described, and the future orientation of SOA research is predicted. Analysis by a new bibliometric method-"word cluster analysis"-can help researchers realize the panorama of global SOA research and establish future research directions. It can be concluded that, at least over the next decade, modeling will continue to be the predominant research method, while the foci of SOA research will be the key SOA precursors terpenes and isoprene, the mechanisms of gas-and condensed-phase oxidation reactions, and emission inventories. 
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